Helicon plasma generated at very high radio frequency has almost the same properties as common high frequency helicon plasmas. By measurements of wave number and plasma potential, additional mode changes inside the helicon plasma were observed with increasing magnetic field. It was also observed that the wavelength of the helicon wave changes discretely with respect to the plasma length indicating strong restriction of the parallel wavelength to the plasma dimension. The dependence of plasma potential on magnetic field indicates that its change is not entirely due to capacitive coupling. The corresponding mode transition is related to the cavity modes driven by a helicon wave.
I. INTRODUCTION
Recent research results on radio frequency ͑rf͒ plasmas reveal variations in plasma characteristics with applied rf frequency. For capacitively coupled plasmas, the sustaining voltage generally decreases as rf frequency is increased. 1, 2 In the very high radio frequency ͑VHF͒ band, high density plasma can be generated at relatively low applied voltage, which gives less damage during plasma processes. Plasma sheath thickness also decreases with increasing rf frequency because the number of collisions that an ion experiences in the sheath is reduced and it results in the improvement of anisotropy at fixed pressure. In addition, plasma process rate and uniformity across a large area electrode improves at higher frequencies. [3] [4] [5] [6] [7] In helicon wave plasma studies, plasmas have generally been produced at a frequency lower than or near 13.56 MHz. 8 Although helicon plasmas were successfully generated at VHF, 9 characteristics of the helicon plasma have not been studied in detail.
One of the research issues regarding the helicon plasma is the helicon wave propagation inside the plasma. In many experimental studies, the wave pattern has been analyzed to explain the existence of the helicon wave and hot electron production. [10] [11] [12] [13] In spite of numerous experimental and theoretical efforts, the detailed launch mechanism of the helicon wave has not yet been clearly explained. Meanwhile, the mode transition in the helicon plasma was studied by rf power dependent experiments. 8, 14, 15 In the theoretical approach of Cho, 16, 17 a helicon plasma may have multiple stability regimes depending on plasma parameters.
Although the plasma potential generally fluctuates during the rf periods in plasmas produced by rf power coupling, it is reported that rf modulation effect is negligible in helicon mode. 18 It is known that the variation of plasma potential is strongly related to helicon wave generation in the mode transition from inductively coupled plasma to wave-coupled plasma ͑H-W mode transition͒.
14 There was an attempt to relate the large plasma potential and the existence of hot electrons inside the helicon plasma. 19 Therefore, measurement of plasma potential is essential in studying helicon wave generation.
In this article, we report the experimental observations measuring wave number and plasma potential, in turn indicating the existence of multiple wave modes inside the helicon plasma at different external magnetic fields, which may help explain the helicon wave launch mechanism.
II. EXPERIMENTAL APPARATUS
A schematic diagram of the helicon plasma source used for the experiment is shown in Fig. 1 . The discharge tube is 5 cm in diameter, 30 cm in length, and is connected to a multiport diagnostic chamber. A turbo-molecular pump and a mechanical pump are connected to the diagnostic chamber for providing a base pressure as low as 10 Ϫ7 Torr. Argon gas was mainly utilized for plasma generation, and the operational pressure range was from 0.1 to 30 mTorr. Eight electrical coils generate an axial magnetic field from zϭ0 ͑cen-ter͒ to zϭϮ9 cm in (r,,z) cylindrical coordinates. The maximum magnetic field produced is 800 G with less than 2% field variation. The frequency of the rf generator used for the experiments is 98 MHz with the variable power up to 100 W. Plasmas were produced by a double loop and a Nagoya type III antenna which were made of silver-coated copper for reduced antenna resistance. The antenna length and diameter are 3.5 and 5.5 cm, respectively. The rf impedance was matched almost perfectly at all experimental conditions.
As shown in Fig. 1 , a double B-dot probe was positioned in the axial direction to measure wave number. Supposed that the wave motion inside a cylindrical plasma is described as exp͓i͕mϩk ʈ zϪt͖͔ where m and k ʈ are azimuthal mode number and axial wave number, respectively, two B-dot probes aligned along the z axis produce phase difference ⌬ at a given plasma condition. If one probe is located at a specific position and the other is separated by a distance l, the axial wave number is obtained by the measured ⌬ as k ʈ ϭ⌬/l. A hardware setup for the phase diagnostics in the heterodyne scheme is shown in Fig. 2 , and the detailed description is given in Ref. 20 .
A schematic diagram of the Langmuir probe system used for the experiment is described in Fig. 2 . In rf plasmas, the sinusoidal time-varying plasma potential not only distorts the electron retardation region of the probe current-voltage characteristic curve but also shifts the floating potential towards more negative voltage. This leads to overestimation of the plasma temperature and underestimation of the density. In order to solve the problem, a reference ring electrode is connected to the measurement tip via a small capacitor as shown in Fig. 2 . It improves the coupling of the measurement tip to the plasma for following the rf plasma potential. To compensate for the rf, resonant chokes which have large impedance to the rf signal but not to low-frequency signals ͑large Q value͒ were added near the probe tip. Since the rf signal contains a large second harmonic, chokes should have resonance at both and 2, where is the rf frequency, in this case 98 MHz. 21, 22 For more precise resolution at the H-W transition, plasma potential was measured by a rf-compensated double emissive probe. The schematic diagram of the emissive probe is shown in Fig. 3 . Real-time measurement of the plasma potential using the rf-compensated double emissive probe gives us an opportunity for a more thorough study of rapid plasma transitions.
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III. RESULTS AND DISCUSSION
A. Mode transition
The mode transition inside the plasma was observed while increasing the axial magnetic field from B 0 ϭ0 to 800 G. Wave number parallel to the magnetic field was measured by a double B-dot probe, which was inserted axially at the radial center of the cylindrical plasma. Since the sweeping frequency of the external magnetic field was 0.1 Hz, the field variation did not affect the B-dot probe signal. The ion saturation current was measured by rf-compensated Langmuir probes simultaneously with the wave number measurement. According to our previous experiment, 9 although electron temperature changes at the magnetic field where the H-W mode transition occurs, it becomes almost fixed at slightly higher field strength as B 0 changes with time. Therefore, we assume that the measured ion saturation current represents the same behavior as the plasma density inside the helicon mode.
As shown in Fig. 4 , the ion saturation current decreases with the magnetic field until it reaches a local minimum (B 0 Ӎ140 G for the 45 W case͒, and then subsequently increases and saturates. Photographs 9 taken at one end of the cylindrical plasma showing the axially integrated visible emission indicate that a bright part exists near the antenna leg slightly below 140 G. Just above 140 G, however, as the bright part near the leg quickly disappears, a more luminous center column develops which is often seen in other helicon plasma experiments. The center column was maintained at higher magnetic fields. This is consistent with the ion saturation current measurement in which the Langmuir probe located at the radial center of the discharge tube shows an abrupt change in the ion saturation current. At different rf powers, the plasma shows similar behavior although the H-W mode transition occurs at a slightly different magnetic field as seen in Fig. 4 . Figure 5 depicting the measured wave number k ʈ shows a minimum at the same field strength as that of the ion saturation current. Since an abrupt change of k ʈ at a particular magnetic field is associated with the launch of a plasma wave with a specific wavelength, the k ʈ measurement gives additional evidence of the mode transition.
As shown in Fig. 5 , k ʈ demonstrates another change with further increase of the magnetic field, suggesting a second mode transition inside the helicon plasma. Similar to the first jump which corresponds to the H-W mode transition, the second k ʈ jump was observed to occur at a lower magnetic field with larger rf power. This indicates that the two parameters which are crucial for helicon plasma generation and sustainment are correlated with each other. Furthermore, it is seen that the onset of the second wave mode can be driven by changing one of the two parameters with the other parameter fixed. At a fixed magnetic field, for instance 500 G, Fig.  4 indicates that the second wave mode appears only at large rf power, 65 W. This is consistent with other experimental evidence 8, 14, 15 on the existence of multiple wave modes inside the helicon plasma obtained by increasing the rf power at a fixed magnetic field.
Our experimental results demonstrate that the parallel wavelength is observed to vary in discrete fashion in accordance with the system length. In other words, if a particular wave mode with a specific wave number k ʈ is defined as
where L is the system length and n is an integer, then the measurement shows that n changes successively as 2, 4, 8, i.e., ʈ ϭ2/k ʈ ϭL, L/2, L/4 as the magnetic field increases, suggesting successive mode transitions within the helicon mode. As indicated in Fig. 5 , the first helicon mode (nϭ2) occurs at 140 G with the helicon wavelength the same as the plasma length, and subsequently the second mode (nϭ4) occurs with the wavelength corresponding to the half plasma length near 250 G. At a higher magnetic field (Ͼ600 G͒, the third helicon mode (nϭ8) appears of which wavelength matches a quarter of the plasma length. The detailed measurement of the helicon wavelength is illustrated in Ref. 20 . From the fact that the helicon wavelength has a close relationship with the system length, it can be expected that the electron motion is affected in the axial direction. The mode transitions in a helicon plasma associated with the applied magnetic field variation may be understood in terms of the plasma stability. As the plasma condition changes in a wave mode, the plasma becomes unstable, and as a result, a new stable condition is sought. The power loss in a helicon plasma is proportional to the plasma density, but the power absorption is a complicated function of the density. Therefore, the plasma moves to a new stable regime at a different plasma condition which is obtained by the power balance. 16, 17, 24 In other words, the plasma in a wave mode becomes gradually unstable with the increase of the external magnetic field and the plasma density, the plasma enters a new stable wave mode regime. Since the helicon wavelength is strongly restricted by the system dimension, the mode transition occurs in such a way that the new wavelength matches the plasma length. Therefore, the parallel wavelength is observed to vary in discrete fashion in accordance with the plasma length, similar to the wave modes in a cavity.
B. Plasma potential
The upper two curves of Fig. 6 show the plasma potential V p versus externally applied magnetic fields at two different rf powers, and the lower two curves depict the corresponding floating potential V f . Although there is no clear evidence on how electron energy is distributed in the helicon plasma, the probe current density J p , from planar probe theory assuming that the electrons have a Maxwellian distribution, is expressed as 25, 26 
where n e is plasma density, T e is plasma temperature, and M and m are ion and electron mass, respectively. Because the probe current density is zero at VϭV f , we get
.
͑3͒
Generally the plasma potential tracks the floating potential if electron temperature does not significantly vary with the plasma potential. In Fig. 6 , however, the plasma potential measured in our experiments varies in a complex fashion, and V p ϪV f is not constant with external magnetic field. This was also observed by Sudit and Chen. 21 It has been claimed that the large difference between V p and V f may reflect the presence of hot electrons. 19 In general, however, floating potential is significantly affected by wall condition, and ͉V p ϪV f ͉ in our experiments is rather small at maximum density, which is also consistent with the results by Sudit and Chen. 21 In Figs. 4-6 , the plasma density starts to increase after the first minimum of plasma potential where B 0 ϭ140 G. The Ar II emission line intensity in a helicon plasma is known to be proportional to n e 2 , 27 and the measured 488 nm emission line intensity ͑see Fig. 7͒ shows the same tendency. The Ar II emission line intensity also rapidly increases with the ion saturation current after the first minimum of the plasma potential. It suggests that helicon wave launch introduces an abrupt drop of plasma potential. The corresponding axial wave number shown in Fig. 5 depicts the mode transition according to the external magnetic field. The axial cavity mode (k ʈ ϭn/L) in a helicon mode changes as nϭ2, 4, 8 . . . , where L is the plasma length. This subsequent axial mode change is consistent with the behavior of plasma potential. Therefore, the difference between V p and V f is reduced at higher field, and it does not indicate the presence of hot electrons in our experiments.
In general, the mobility difference between ions and electrons causes a higher plasma potential in capacitive coupling. The drop of the plasma potential at the H-W mode transition may result from the extinction of the plasma modulation effect caused by capacitive coupling between the antenna and the grounded chamber. 14, 18 Therefore, the drop of plasma potential is simply regarded as the contribution of capacitively coupled electrons. As shown in Fig. 6 , the plasma potential decreases toward its first minimum as the plasma experiences a transition to W mode ͑above 140 G͒ with increasing B 0 . This raises the question of whether the drop of plasma potential in the H-W transition, or the mode change within the W-mode (W 1 to W 2 ) transition might also be associated with capacitive coupling.
Although Blackwell and Chen reported that a significant amount of power is capacitively coupled, 27 capacitive coupling in our 5 cm plasma chamber may be negligible because the antenna-to-ground voltage is only 10 V and the measured antenna current is about 6 A at 60 W rf power. The power density is about 100 mW/cm 3 . Because the contribution of capacitive coupling to the W 1 -to-W 2 mode change at high field is negligible and the subsequent cavity mode transition is not due to the capacitively coupled electrons, there is some evidence of an abrupt change in electron energy distribution by inductively or wave-coupled electrons. The altered contribution of capacitive coupling is not enough to explain the H-W mode transition and the W 1 -to-W 2 mode transition.
In a recent report by Blackwell and Chen, 28 the electron energy distribution shows a drop in electron energy as the external magnetic field is increased, and it is due to a large increase in plasma density and collision rate. From a lack of critical deformation and observation of the energy distribution shape and the hot electron tail, they conclude that no hot electrons are engaged in the change of the electron energy distribution. However, the drop of plasma potential and plasma temperature is strongly related to the electron energy distribution. In the manner of the E-H transition, 29 the most probable heating mechanism for the H-W transition is sudden energy transfer from hot electrons to neutrals. The stochastic heating by the capacitive power coupling between electrostatic field and electrons produces high energy electrons, and these high energy electrons increase the plasma potential. 30 For a collisionless plasma, there is generally no possibility for high density plasma generation and abrupt mode transition without a large population of hot electrons. Because rapid thermalization of heated electrons does not cause the distinct increase of plasma potential for the W 1 mode shown in Fig. 6 , the gradual increase of plasma potential for the W 1 mode indicates that the energy of the electrons is altered. The drop of plasma potential at each mode transition may also be evidence of the existence of hot electrons. Unfortunately, however, hot electrons have not yet been ex- perimentally observed. In our experiments, although the launched helicon wave is engaged in power coupling to the plasma, its effect does not appear dramatically. Although the H-W transition occurs abruptly as in our previous results, 9 the progress is successive. From our experimental results, it is clear that capacitive coupling does not completely account for the drop of plasma potential especially for the W 1 -to-W 2 transition.
In capacitively coupled plasmas, the high energy electron tail of the electron energy distribution function is enhanced at high frequency. 2 The enhanced high energy tail contributes to a plasma density increase, which could be one reason for higher efficiency at VHF. It is possible that the contribution of capacitive coupling for the W 1 mode may be enhanced at VHF. As mentioned previously, however, the capacitive coupling is almost negligible in our helicon experiment, and decisive evidence of an energetic electron tail has not yet been found. It appears that the helicon wave undergoes successive mode transitions in the plasmas for a new stable state, and that these mode transitions are strongly related to the coupling of the helicon wave and the plasma.
IV. SUMMARY AND CONCLUSIONS
Helicon wave generation and mode transition were investigated with external magnetic field variation in a very high frequency rf plasma source. k ʈ measurements showing an abrupt change after the H-W mode transition with increasing magnetic field indicate a second wave mode transition inside the helicon plasma. In addition, it was observed that the wavelength of the helicon wave changes successively as ʈ ϭL, L/2, L/4 as the magnetic field increases, which demonstrates that ʈ is strongly restricted by the system dimension L. The density increase makes the plasma unstable in the wave mode, and due to this the plasma moves to a new stable regime at a different plasma condition, which brings about the mode change. Since the helicon wavelength is strongly restricted by the system dimension, the mode transition occurs in such a way that the new wavelength matches the plasma length.
The behavior of plasma potential shows a similar tendency to that of the wave number. As the plasma experiences a transition to the helicon mode, the plasma potential abruptly decreases at the magnetic field where the H-W mode transition occurs. Another change of plasma potential also occurs at the second wave mode transition (W 1 -to-W 2 ), which may suggest the existence of energetic electrons in the helicon plasma. Unfortunately, it does not demonstrate decisively the presence of hot electrons. However, the second mode transition corresponds to the power coupling with the helicon wave. It is clear that the change of plasma potential is not entirely due to capacitive coupling, and the corresponding mode transition is connected to cavity modes driven by the helicon wave.
